In this work, the mitochondrial transmembrane electric potential (A y3 of isolated mitochondria was used to evaluate the toxicity of some chemicals (endosulfan, 3,4-dichloroaniline, parathion, tributyltin and cadmium) and wastewater. Mitochondria were isolated from rat liver, and the A Y measured in a suitable assay medium, using a sensitive tetraphenylphosphonium (TPF) electrode. The test substance was preincubated in a rotenone-containing medium during 3 min with 1.0 mg of mitochondrial protein.
Introduction
Alterations in biochemical systems are often more sensitive indicators than those at higher level of biological organisation [I] . Over the past decade, scientists have drawn attention to this question searching for biochemical, physiological, and histological changes caused by exposure to pollutants. The mitochondria are a potential cellular target, as they are responsible for numerous vital reactions, playing a crucial role of biological significance as ATP producers.
Most of the ATP used in endergonic reactions is produced in the mitochondria via oxidative phosphorylation. Eukaryotic cells and aerobic bacteria present a high level of similarity in structure and function of mitochondria. Additionally, they can be isolated and remain viable (coupled) for some time.
Moreover, mitochondria may be good indicators of systemic toxicity; in that a toxic response in form of inhibited mitochondrial functioning has a profound effect on cellular metabolism and may lead to cell death [2] . These features together allow the use of this organelle as an adequate biosensor in ecotoxicological research.
During the last 30 years, there were considerable advances in the use of isolated mitochondria to estimate the effects of chemical compounds on the oxidative phosphorylation in mammals, fish, plants, and in some micro-organisms [3-81, as the impairment of oxidative phosphorylation can be understood as a toxic effect to the cells. More recently, it was demonstrated that the transmembrane electric potential of mitochondria (A!?) can be altered when exposed to some toxicants, as such: DDT, 2,4-D, dinoseb, paraquat and cationic detergents . However, these studies did not generate quantitative information, that enable the establishment of ecotoxicological indices, such as EC50 (effective concentration that causes 50% inhibition of a biological/biochemical process, in the specific case, oxidative phosphorylation). Indeed, the utilisation of the AY has not been addressed yet in ecotoxicological research, although this is a vital force in bioenergetics.
In this work we designed a series of experiments to supply information on the effects of two organochlorine compounds: endosulfan (6, 7, 8, 9 , IO, lO-hexachoro-l,5,5a,6,9,9a-hexahydro-6,9-methano-2.4.3~benzo-dioxathiepin-3-oxide) and 3,4-dichloroaniline (3,4- 
Materials and Methods
Miili-Q water was always used as,dilution water. Succinate, ADP, rotenone, mannitol, HEPES, EGTA, fatty acid free bovine albumin, FCCP and cadmium chloride (99.6% purity) were from SIGMA.
Endosulfan (99.1% purity), parathion (98.9% purity) and 3,4-dichloroaniline (3,4-DCA) (99.0% purity)
were acquired from Dr. Ehrenstorfer (Germany), and tributyltin chloride (96% of purity) from MERCK.
All other reagents were of analytical grade.
Liver mitochondria were obtained from male Wistar rats (ZOO-300 g) grown under standardised conditions, utilising a slightly modified version of the technique described by Moreno [ 131. Animals were cervical stunned and decapitated. Liver tissues in pieces were rapidly excised, blotted, minced and washed several times in homogenisation buffer (225 mM mannitol, 75 mM sucrose, 10 mM HEPES, I .O mM EGTA, 0.1% defatted bovine serum albumin, pH 7.4). The preparation was homogenised using a wastewater, preliminary experiments showed that no detectable effects relatively to the control were noticed in the potential developed upon succinate energisation. This means that TBT and untreated wastewater neither affect the respiratory chain nor produce any uncoupling effect. Therefore, the lowering of the depolarisation induced by ADP was chosen as an endpoint for TBT and untreated wastewater, as it reflects specific actions on the mitochondrial phosphorylation system. Appropriate blanks and calibration tests were run in the presence of the test substance and ethanol in order to exclude any direct interference of the compound and its solvent in the results. Experiments were carried out testing different substance concentrations. The concentration responsible for no depolarisation after ADP addition (lack of phosphorylation) was taken as 100% effect and the succinate transmembrane electric potential in the absence of a given substance was considered as the 0% effect. However, in the case of TBT and domestic wastewater, the depolarisation induced by ADP in the control was considered as the 0% effect, since no detectable differences were noticed on the substrate energisation. Normalisation of data was achieved by employing the formula:
where AYt is the effect number index, AK controt is the control value obtained with the addition of an amount of ethanol with no visible effect on the potential development, Amp is the no-phosphorylation point given by the succinate generated electric potential, when no phosphorylation was registered, and A WI is any point to be calculated. The predicted toxicant concentration to reduce the succinate generated potential or the depolarisation caused by ADP addition by 50% relative to controls, i.e. EC50, was calculated using the inverse prediction by regressing electric potential against the square root of the 
Fig. 2 -Effects of endosulfan on the mitochondrial A Y
In the presence of increasing concentrations of endosulfan, mitochondria consistently decrease the respiratory Ay when compared to the control. Additionally, mitochondria suffered a progressively lowering in depolarisation induced by ADP addition (Fig. 2) . Moreover, increasing concentrations of this substance consistently decreased the depolarisation amplitude following ADP addition and delayed slightly the lag phase preceding repolarisation. At the highest concentration tested (53.8 uM), the concentration of endosulfan to which no apparent depolarisation occurs, the succinate polarisation was -I45 mV, against a control value of -211 mV.
Even low concentrations of parathion induced mitochondria to develop a lower succinate polarisation, lower ADP depolarisation, lower recovery (return to initial polarisation state) and longer recovery time, when compared to controls (Fig. 3) As opposed to the others tested toxicants, cadmium incubated mitochondria showed a different pattern of effects. Even increasing concentrations of cadmium, up to 6.0 pM, seemed not to disrupt the initial level of succinate energisation (Fig. 4) . However, notoriously the AY is rapidly time-collapsed, even at the lowest concentration tested (1 .O pM). (Fig. 7) .
Discussion
Energy for mitochondrial ATP synthesis is provided by the proton electrochemical gradient generated by mitochondrial respiration according to the chemiosmotic hypothesis [20] . This electrochemical gradient of protons, usually called as protonmotive force (Ap) is composed of two interconvertible components:
the ApH gradient (ApH, alkaline inside) and the transmembrane electric potential (A'Ir). The A !Y determination is of major importance in studies of mitochondrial oxidative phosphorylation, hence it represents the main component of the Ap, accounting for 90% of the total available energy [21]. The TPP+ electrode allows an easy and precise means for the measurement of the AY [9, 15] .
The consisting decrease of A Y with increasing concentrations of endosulfan supports the idea that this substance is a general inhibitor of the electron transport chain of rat liver mitochondria [5] . The decrease of the phosphorylation efficiency may result not only from direct action on the redox chain but also from an enhanced permeabilisation to protons of the mitochondrial inner membrane, as demonstrated by Sirnoes and Castanheira [22] . These authors applied the approach developed by Brand [23] , consisting in the titration of non-phosphorylating mitochondria with a respiratory inhibitor and the simultaneous monitoring of the respiratory rates and the A !K
In the case of parathion, where the proportional increase in concentration did not produce a proportional visible effect, to reach a 100% effect (situation where there is no further ADP phosphorylation) a relatively high concentration was given. Therefore, EC50 results are biased due to this parathion feature.
On the other hand, Yamano & Morita [24] testing rat, and Wenzel et al [25] pig liver mitochondria oxygen consumption found no inhibition or uncoupling effect on mitochondria for dimethyl-parathion, an analogue of the diethyl-parathion. It seems parathion acts as a direct inhibitor of the respiratory chain, rather than showing uncoupling effects.
The collapsing of the AY resultant from the succinate energisation caused by cadmium can be partly related to the inhibitory action on ubiquinone-b-citochrome cl complex [26] . However, the decrease in the phosphorylation efficiency caused by cadmium is mostly due to its strong uncoupler action of the oxidative phosphorylation [27] . This uncoupling action results from an unspecific cadmium-induced increase in the passive permeability of the mitochondrial inner membrane to protons (cadmium-induced H+ leak) as'demonstrated in potato tuber-mitochondria using the top-down elasticity analysis [28] . The fact that the A Y imposed by succinate oxidation is not sustained and dramatically collapses, particularly for high concentrations of cadmium, can be explained due to the uncoupling action, while low cadmium concentrations inhibit solely the respiratory chain.
To our knowledge, the effects of 3,4-DCA on mitochondrial metabolism have not been characterised yet.
The fluctuations on the A Ydeveloped by mitochondria energised with succinate and those associated to the phosphorylative cycle show that 3,4-DCA completely inhibited the depolarisation induced by ADP, this means that no more phosphorylation occurs.
The effect of 3,4DCA may be ascribed mainly to an inhibitory action on the mitochondrial respiratory chain or to some uncoupling action, or both combined.
The enhancement of the membrane potential imposed by succinate (i.e. state 4) promoted by TBT is in accordance with the effects of specific inhibitors of the ATP-synthase, such as oligomycin. In such is the possible contamination of the electrodes by lipophilic substances. In such cases, the utilisation of old mitochondrial preparation, for a couple of minutes, to "clean" the electrode is recommended. Results were reproducible for the substances tested (Table I) . Changes in the mitcchondrial AY can be directly linked to changes in the external medium, caused by the presence of toxicants. The response of mitochondria to a given exposure of a chemical may affect their membrane integrity (non-specific effect) and/or specific functions (i.e. inhibition of electron transport and inhibition of ADP phosphorylation).
These effects can be then quantified by the proportional potential changes to increased concentrations of xenobiotics, which can generate reliable toxicity indices with a certain degree of confidence.
The main purpose of this study was to evaluate the suitability of an in vitro test system using isolated rat liver mitochondria for assessing the toxic effect of some chemical and effluents' fractions. It has been effectively demonstrated that the results found here qualitatively reflect the known mechanisms of mitochondrial metabolism.
Considering the numerous biochemical reactions that occur in mitochondria, when performing these tests, it is necessary to establish through screening experimentation the most appropriate endpoint.
Conclusions
Although in vitro mitochondrial activity is different from in viva in some aspects, the mitochondrial AY can be used in ecotoxicological research, as its experimental design allow scientifically sounding results, that can be statistically interpreted and represent an ecologically relevant endpoint, as ATP production has a meaningful importance in survival. Additionally, the AY showed to be effective in estimating toxicity even in low concentrations and reliable EC30 could be calculated using different endpoints. The results were reproducible between tests and this also confirm the adequacy of the method in the screening of toxicity of pure substances and in toxicity identification evaluation (TIE) and toxicity reduction evaluation (TRE).
The tested substances and wastewater affected the energisation and/or the depolarisation of isolated mitochondria, and these represent physiological disruptions to the cell that can be monitored by the technique employed here.
In spite of being less sensitive than whole organism test (i.e. D. magna acute test), the AY offers an additional explanation of the mode of action of a toxicant.
Mitochondria are very complex in their structure and the mode of action of distinct toxicants upon mitochondrial metabolism varies considerably and, their use in ecotoxicological testing permits the use of numerous endpoints. Therefore, the choice of the most appropriate endpoint must be defined during a preliminary test phase.
